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Abstract 
Ceria nano-feathers were prepared by a surfactant assisted pathway. After thermal 
treatment at 400°C, the product was composed of an ordered array of skeletons, 
which intercrossed and branched to form a uniform feather pattern. This novel 
nano-structure was stable in high temperature and robust to sonication treatment. 
Moreover, such nano-structure allowed nano-si zed gold catalysts to be firmly 
anchored while the skeletons of the feather acted as partitions to prevent 
agglomeration of the particles. 
To enhance the catalytic function of ceria iiano-feathers, trace amounts of foreign 
oxides (Cu, Ni, S m , Y and La) were doped. Feather-like nanostructures were 
observed in transmission electron micrographs. Electron energy-loss spectroscopy 
(EELS) was used to study the compositions of the mixed oxides. The chemical maps 
for dopants, cerium and oxygen revealed that these elements were homogenously 
distributed. 
In the last part, various metals, such as Pt, Pd and Ag, were loaded into the ceria 
nano-feathers by a sonication assisted pathway. After ultrasonic treatment for 5-15 
iii 
minutes, nano-crystalline metal particles were dispersed onto the ceria support. This 
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Chapter 1 Overview 
Overview一Introduction to cerium oxide 
Cerium (IV) oxide, also known as eerie oxide and ceria, is a pale yellow-white powder. 
One of the interesting properties of ceria is that it can be converted to +3 oxidation 
state as well as intermediate oxides with compositions in the range from €6263 to Ce02. 
When Ce4+ is reduced to Ce^ ' , an O^" ion is removed from the Ce02 lattice, generating 
an anion vacant site. This special property makes it a unique and versatile material in 
various catalysis reactions.⑴ 
Ce02 crystallizes in the fluoritc structure, which is named after the mineral form of 
calcium fluoride. Typically it has a face-centered cubic unit ccll (f.c.c.) with space 
group Fm3m. In this structure, each cerium cation is coordinated by eight equivalent 
nearest neighbor oxygen anions at the comer of a cube, exposing the 
thcrmodynamically most stable (111) surface. Figure 1.1 shows a typical Ce02 cell.[2] 
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Figure 1.1 
A typical ceria cell (face-centered cubic unit cell). 
Overview—Defects 
As mentioned, ceria can be reduced by removal of oxide ions from the lattice, 
generating anion vacant sites according to the following scheme: 
4Ce^' + 02- — 4Ce^' + 2e7a+ 0.502 + + • + O.5O2 
where • represents a vacancy. 
Basically, dcfccts in Ce02 can be divided into intrinsic or extrinsic types. The former 
maybe present because of thermal disorder or redox processes. The latter are formed 
by intentionally introduction of aliovalent dopants (i.e. impurities) 
In the ease of intrinsic disorder reactions, there are two possible thermally induccd 
pathways, namely Schottky and Frcnkcl t y p e s . � 
A Schottky defect is a type of point defect in a crystal lattice named for Walter H. 
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Schottky. The defect forms when oppositely charged ions leave their lattice sites, 
creating vacancies. These vacancies are formed in stoichiometric units, to maintain an 
overall neutral charge in the ionic solid. The vacancies are then free to move about as 
their own entities. Each vacancy is a separate Schottky defect. Normally these defects 
will lead to a decrease in the density of the crystal. The following is the chemical 
equation in Kroger-Vink Notation for the formation of Schottky defects in ceria: 
Cece + 20o H V""cc + 2Vo + CcOj 
Another type of defect is Frenkel defect, which is also called Frenkel disorder. It is the 
formation of an interstitial by an atom or ion leaving its lattice or sublattice. 
Consequentially, a vacancy is formed where the atom/ion used to be. The following are 
the chemical equations in Kroger-Vink Notation for the formation of Frenkel defects in 
ceria: 
Cece^ C e r ' + V，”，ce 
O o ^ O " i + V o 
Abbreviations of Kroger-Vink Notation: 
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> The effective charge in a position is indicated by a dot (•) for each 
positive charge and a prime (’）for each negative charge. 
> Oo, Ccce represent oxygen and cerium at their respective lattice sites. 
> Vo ,V""ce indicate respectively an oxygen and a cerium vacancy. 
> O i , Ccj represent oxygen and cerium at their respective lattice 
sites. 
When exposing to high temperature or under a reducing gaseous atmosphere, reduction 
on ccria takes places. Once the oxygen is removed, ceria has excess metal compared to 
its anion content. The crystal will end up with an overall positive charge and we need 
to introduce two electrons to restore the neutrality of the crystal. Two extra electrons 
can be obtained by reducing two cerium atoms from +4 to +3. Therefore a high 
concentration of defects in ceria can be formed. The proccss can be represented as 
Ce02 ^  Ce02-x + x/2 O2 
Further, when x moles of atomic oxygen arc removed from the lattice, the 
corresponding quantity of O^" sites are occupied by oxygen vacancies, leaving 2-x 
4 
moles of 0"' anions in their original position. On the cation side, 2x moles of Ce ' arc 
formed, leaving l-2x moles of Ce'^ .^ The defect reaction can be written in another 
form: 
Ce02 H 2xCe'ce + (l-2x) Ccce + x V o + (2-x) Oq + 0.5x O2 
The type, size, and distribution of defects as well as oxygen vacancies are critical to 
the electrical conduction and transport properties of cerium dioxide.[4] Provided the 
diffusion of oxygen anions is sufficiently fast, a continuous supply of oxygen from the 
bulk to the surface guarantees a constant concentration of active surface oxidation sites, 
thus enabling a fast surface catalytic reaction in the absence of other kinetic limitations. 
Such property makes ceria an ideal material in production and purification of hydrogen, 
the purification of exhaust gases in three-way auto-motive catalytic converters, and 
other catalytic applications. 
Overview—Effect of Dopants 
Pure ceria has 1) poor sintering resistance and 2) limited concentration of oxygen 
vacancy. To overcome these limitations, various metal oxides are often added as 
dopants. In semiconductor production, doping refers to the process of intentionally 
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introducing impurities into a pure (also referred to as intrinsic) semiconductor in order 
to change its electrical properties. When nano-crystalline ceria (Ce02) is associated 
with other metal oxides, the mixed oxides offer several advantages over the pure one. 
These include enhanced sintering resistance by doping Zr02;[5】 improved ionic 
conductivity by incorporating Cu’[6] F q P Mn,阅 T h P Pr’"。】Gd，[“] Rh，^ Sm, Y, and 
La oxides.[13-14] The mixed oxides have attracted lot of attention as potential candidates 
fluid catalytic cracking, SOx removal, ethylbenzene dehydrogenation, and the water 
gas shift reaction.[5j 
Due to the presence of octahedral holes in the f.c.c. ceria crystal structure, movement 
of ions through the defect structure is facilitated. This open crystal structure enables 
Ce02 to tolerate a high level of atomic disorder, which maybe introduced either by 
reduction or by doping. On reduction, both vacancies and electrons are present, thus 
giving rise to a large electronic contribution to conductivity. When an aliovalent solute 
is dissolved in Ce02, the crystal lattice tends to compensate for the exccss negative 
charge and generates extra defects. 
In the case of the M ^ ' dopant cations, the mechanism can be represented as: 
xMOi.5 + (1-x) Ce02 H xM'ce + 0.5x V。+ (l-x)Cecc + (2-0.5x)Oo 
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，‘ 
For M ‘ dopant cations, a possible mechanism is: 
x M O + (1-x) Ce02 ^  xM'ce + x Vq + (l-x)Cece + (2-x)Oo 
These reactions imply that when x moles of dopant oxide are added, Ce"^ ' sites of Ce02 
arc filled with x moles of dopant cation and (1-x) moles of host cation Ce*—• Similarly, 
O^" sites are occupied by vacancies and host anions. 
Several synthetic approaches for ceria mixed oxides have been reported, including 
ammonia/urea gelation/‘^ ^ microemulsion/'^^ Pechini method,"] solvothermal/'^^ 
microwave assisted pathway[9] and template assisted processing.^ '^ ^ Such intensive 
interest is motivated by the pursuit of a general route to prepare homogeneous ceria 
mixed oxide. When the size of a semiconductor shrinks to nano-scale, dopant 
homogeneity can no longer be assumed."引 This phenomenon is particular prevalent in 
the case of ceria mixed o x i d e s .問 Moreover, in the commonly used procedures of 
ammonia gelation method, rapid precipitation of dopants and cerium ions results in 
insolubility and phase separation. Therefore, this method evolves to gradual thermal 
decomposition of urea (known as urea gelation) and the homogeneity can be improved. 
However, a thorough solution on this problem has never been reported. 
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Overview—Nano-structures of Ceria 
Nanocrystals have received plenty of attention recently because of their unique 
electronic, photonic and optical properties. By adjusting the crystal's composition, size 
and shape, many physical properties can be controlled. Therefore, the combination of 
shape dependent physical properties and ease of fabrication makes nanocrystals 
promising building blocks. In particular, ceria nano-structures were of immense 
interest due to their huge potentials in catalysis, oxygen storage and sensoring. 
Spherical ceria can be prepared by simple ammonia gelation. However, quick 
precipitation makes it difficult to control particle size and morphology. To overcome 
this, a homogenous precipitation method, urea gelation, has been developed. In this 
process, prccipitants (hydroxide ions) are generated simultaneously and uniformly 
throughout thermo-decomposition of urea solution. The controlled release of the 
participants ensures narrow sized ceria nano-spheres. More recently, Feng et al. 
developed an approach to synthesis single crystal ceria nanospheres, which can 
improve surface flatness and increase silica removal rate, facilitating precise and 
reliable mass-manufacturing of chips for nanodcctronics•网 
One dimensional (ID) nanostructures arc also of interest because of their high surface 
areas and low dimensionality. Ho et al. found that mesoporous CeO? nano-rods and 
nano-spindlcs showed increased band gap energy due to quantum size effect?丨】Other 
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nanostructures of ceria have also been synthesized-ceria nanowires have been reported 
through several synthesis routes, including a sol-gel process, nonisothermal 
precipitation and spontaneous self-assembly. Han et al. developed a hydrothcrmal 
route to fabricate ceria nanotubes[22] while Yu et al generalized the sol-gel synthesis of 
nanocrystals with spherical, wire and tadpole shapes.[23] Sun et al. also prepare 
flowerlike ceria microspheres and discovered such morphology is beneficial to metal 
loading 严 
Another class of ceria nanocrystals, mesoporous ceria, is equally interesting due to its 
high surface area, narrow pore size distribution, high porosity and ordered pore 
a r r a n g e m e n t . J Morris et al prepared a pseudo-hexagonal mesoporous ceria which 
was stable up to 873K.[26] Ryoo et al. discovered that ordered mesoporous ceria could 
be prepared using SBA-15 as templates.^ ^^ ^ Smarsly et al. developed a novel surfactant 
and which was used to fabricate mesotructured ceria with a bimodal pore system.[28] 
Although many fascinating nano-structures have been fabricated, a major challenge is 
to turn the exciting materials into superior catalysts. In the next chapter, a new ceria 
nano-feather will be prepared and utilized for supporting gold catalysts. 
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Overview—Loading metals in ceria supports 
For the last twenty years, much effort has been devoted to M/CCO2 and closely related 
systems. M can be a variety of supported transition metal catalysts or particularly 
interested noble metal catalysts. 
This specific interest on supported noble metal (NM) catalysts is due to the close 
relationship existing between these model systems and the three way catalysts (TWCs), 
nowadays used in the control of the exhaust emissions from spark-ignited motor 
vehicles. Besides, NM/Ce02 (NM= Au, Ag, Pd, Pt, Rh)also bring about huge potential 
applications in various catalysis reactions, including hydrocarbon oxidation, water gas 
shift reaction (WGS), steam reforming of light hydrocarbons, oxidation of methane, 
CO2 reforming of methane, NOx removal and hydrogenation of alkanes and 
unsaturated organics. 
The mechanism and explanation for the superior activities of supported catalysts, 
however, remain controversial. Valden et alP''^ suggested that the unusual reactivity of 
supported gold results from a quantum size effect with respect to the thickness of the 
gold with a maximum in catalytic activity when the population of particles is two 
atoms thick. Other than electronic properties, Boyen et alP^^ suggested chemical 
stability as another possible reason for the C O oxidation capacity of Au. Meanwhile, 
metal-support interaction of Pt/Ce02 was attributed to the success in water-gas shift 
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reaction. However, it is not clear how the supported metal catalysts interact with the 
Ce02 support to achieve greater activities. 
Nevertheless, metal/ceria composites show superior activities over pure ceria. Many 
synthesis approaches for preparing of M/Ce02 have been developed. However, most of 
the reported synthetic methods involve extreme conditions, such as high temperatures, 
long aging time and the use of strong reducing agents. These have detrimental effects 
on the delicate morphologies and synthesis efficiency. In chapter four, a sonication 
assisted strategy will be implemented to encapsulate different metal catalysts on ceria 
nano-feathers. This method allows quick and efficient dispersion of metal catalysts on 
nano-feathers, without destroying the iiano-structure of the ceria support. 
Summary 
Due to unique chemistry properties, cerium oxide is capable of forming a mixture of 
Cc02 and Ce203, which facilitates dcfect formation and efficient oxygen transport. As a 
result, ceria has attracted considerable attention in recent years, especially in the 
applications of catalytic wet oxidation and redox and electrochemical reactions. In 
addition to these applications, much effort has been dedicated recently to studying the 
role of ceria in fluid catalytic cracking and three way catalysts, where CeOi is a key 
component in catalyst formulation. 
However, high temperature instability and low concentration of dcfects limit the 
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functionalities of ceria. To overcome these problems, several approaches were developed. 
Intentional addition of impurities, such as zirconia and other transition metal oxides, can 
effectively improve the sintering resistance and create extra oxygen vacancies. 
Meanwhile, loading ceria with nano-crystalline noble metals is also bcneficial in various 
heterogeneous catalysis reactions. Finally, different nano-structures ceria crystals also 
demonstrate improved catalytic activities because of the higher surface area and better 
substrate-catalysts contact. 
Scope of work 
Chapter 2 
As above mentioned, ceria materials have been extensively studied because of their great 
utilities in various applications. In particular, ceria with different nanostructures have 
been studied thoroughly because of their unique properties. 
In this work, ceria nano-feathers were be prepared easily by a surfactant-assisted 
pathway. After thermal treatment at 400。C, the product was composed of an ordered 
array of skeletons, which intercrossed and branched to form a uniform feather pattern. 
The advantages of ceria nano-feathers were 1) its stability at high temperature and 




Pure ceria was not an effective catalyst because of its weak sintering resistance and 
limited vacancies. These obstacles can be overcome by association ceria with other metal 
oxides. In chapter three, ceria mixed oxides nano-feathers were prepared by doping trace 
amount of foreign oxides (Cu, Ni, Sm, Y and La). In the ease of ceria mixed oxides, 
homogenous compositions are critical in controlling its catalytic activities and chemical 
properties. Electron energy-loss spectroscopy (EELS) was used to study the 
compositions of the mixed oxides. Chemical mapping for dopants, cerium and oxygen 
revealed that these elements were homogenously distributed. 
Chapter 4 
Zcro-valent metals arc effective addictives for enhancement of ceria catalysts. In chapter 
four the advantages of loading other nano-crystalline metal catalysts (Pt, Pd, and Ag) 
into nano-feathers by a sonication assisted pathway are discussed. Compared to 
conventional methods, this general method not only shortens the time of synthesis, but 
also eliminates the need of high temperature for metal reduction. High temperature 
treatments often impose a detrimental effect on delicatc nano-structures. In addition, 
highly dispersed metal nano-crystals can be loaded into the feather support evenly 
without destroying the feather pattern. 
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Chapter 2 
Synthesis of Ceria Nano-feathers 
Introduction 
Ceria materials have been extensively studied because of their unique properties, 
including high oxygen storage capacity and good ion conductivity. The non-toxic 
and inexpensive Ce02 is widely used in H2S removal,⑴ water gas shift (WGS) 
rcaction，[2] three-way catalytic (TWC) conversion，。” fuel cell electrodes,⑷ oxygen 
storage ,and chemical-mechanical planarization.^ ^^  
Ceria with a small grain size and a high surface area is highly desirable•口] Colloidal 
nanocrystals arc usually obtained by controlled growth in solution, using surfactants 
as structure directing agents.阅 Such surfactant-assisted pathway allows easy control 
over the composition, size, shape, crystal structure and surface properties of 
nanocrystals. Several solution phase synthetic strategies have been developed 
including hydrothermal, microemulsions, nonhydrolytic sol-gcl, ammonia gelation 
and polyol synthesis methods.^^^ Conventional spherical ceria particles can be 
prepared by ammonia gelation."。] More exotic morphologies of ceria have also been 
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reported. These include flower-like spheres/' nanotubes,^ '^ ^ tadpole-shaped 
nanowires’Li3] spindles and rods.[丨斗] 
Nanoarchitectures with voids and hollow channels are superior catalysts.l】〗] Such 
morphologies enhance the access of reaction molecules to the nano-crystalline 
material, which is especially important in heterogeneous catalysis.However, 
materials with hollow channels are usually prone to sintering and they collapse easily 
during calcination. 
The incorporation of hollow channels into ceria has an additional advantage. That is 
to allow further functionalization with nano-sized metals clusters.For example, 
gold supported sphcrical nano-crystalline ceria exhibits a remarkable increase in C O 
conversion.[3j The key to successful metal encapsulation lies on the stability of the 
ceria substrate, high dispersion of metal particles and good impregnation.[刀 
Unfortunately, gold particles do not adhere well onto nonporous ceria.[2】This greatly 
limits the application of Au/CeOz in industry. In view of this, it would be interesting 
to fabricate ceria structures with pores and channels where the metal clusters can be 
anchored. 
In this chapter, ceria with feather-like morphology was firstly prepared via a facile 
sol-gel approach. The sample contains periodic array of ordered nanocrystals, 
comprising a feather-like morphology with open-ended channels. More importantly, 
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when compared with conventional sphere shaped ceria prepared by ammonia 
gelation, this special morphology shows superior ability in confining nano-crystalline 
gold particles. 
Experimental Section 
Preparation of ceria nano- feathers 
16ml absolute cthanol was used to homogenize 0.75 g P123 (BASF) and 12 g water. 
2.8 g cerium chloride hydrate (Aldrich) was added to the resultant solution. The 
remaining mother sol was aged on a Petri dish at 80 for 2-4 days, and then 
calcined at 400 °C. The powders were then characterized by X R D , S E M , T E M , XPS, 
H R E M and nano-beam diffraction. 
Preparation of ceria spherical particles 
CeCl3.7H20 was dissolved in de-ionized water to give a colorless solution. Then 
ammonia (35%) was added drop-wise to the resulting solution until no more 
precipitation can be observed. The hydrated precipitates were washed, filtered off 
and dried at 80 Finally, the purple solid was calcined at 400 °C. 
Encapsulating the ceria supports with gold 
The ceria powders were immersed in a bottle filled with a solution of 50mg H A u C U 
in 10ml deionizcd water. After sonication for 5-15minutcs, the powders were 
19 
centrifuged, washed with ethanol and DI water in order to remove the surface 
adsorbed precursors. Finally, the powders were dried at 100°C and then analyzed by 
T E M . 
Instrumentation procedures 
Powder X-ray diffraction data were recorded by using a Bruker D8 Advance X-ray 
diffractometer with Cu Kal irradiation (/l=1.5406 A). Low angle X R D spectrum was 
obtained using small size light slits (0.1mm, 0.1mm and 0.2mm) and lower angle 
range (20 = 0.5-5 degree ). Wide angle X R D patterns were collected with larger size 
light slits (0.6mm, 0.6mm, 1.0 m m ) to amplify the signal intensity. 
Nano-beam diffraction pattern and conventional transmission electron microscopy 
(TEM) images were recorded on a C M 1220 microscope. A trace amount of sample 
was suspended in ethanol solution, followed by sonication for 10 minutes. 
Carbon-coated copper grids were used as the sample holders. 
High resolution transmission electron microscopy (HREM) images were recorded on 
a Tecnai 20 microscope. The preparation of samples was the same as conventional 
T E M , except the carbon-coated copper grids should be dried overnight at 100°C to 
remove any residual solvent. 
Scanning electron microscopy (SEM) measurement was carried out on a LEO 
1450VP scanning microscope. It was used to investigate the morphology and surface 
20 
roughness of the sample. 
The oxidation states and chemical environment of the sample was determined by 
X-ray photoelectron spectroscopy (XPS) (PHI Quantum 2000 XPS System), taking C 
Is peak at 284.8 eV of the surface adventitious carbon as reference. 
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Figure 1. Wide angle X-ray diffractogram of the sample calcined at 400"C. The 
sharp peaks indicated that the sample was well crystallized. 
Figure 1 showed an X-ray diffractogram of the sample after calcination at 400°C. It 
revealed that the powders have a cubic fluorite structure as in the bulk Ce02 
(JCPDS# 34-0394). The average crystal size was only 4.8 n m as calculated by the 
Schcrrer equation from the full width half maximum of the peak (111). The major 
peaks in W X R D were sharp and well-resolved, suggesting a well-defined crystalline 
nano-stmcture. The major peaks of the X R D pattern were be assigned to (111), (200) 
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and (220) and were consistent to the literature. 
SEM Image 
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Figure 2. SEM image of the sample. 
The topography and morphology of the ceria nano-feathers were analyzed by 
scanning electron microscopy (SEM). The S E M image, as shown in Figure 2, 
presented a large quantity of well defined strips without bulk aggregation. The 
shapes of the strips were generally uniform and with typical lengths in the order of 
several hundreds of nanometer. 
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TEM Images 
Figure 3. Low magnification TEM image reveals that the majority of the samples 
are feather like nanocrystals. 
Low magnification transmission electron microscopy (TEM) image (Figure 3) 
verified that the dimensions of the strips lied in the range of hundreds of nanometers, 
‘ ranging from 100 nm to 500 nm. Besides, this image not only revealed that the shape 
of the strips resembles to feather, but also confirmed the feather like strips were 
structurally uniform. In other words, the sample consisted of high purity of feathers 
while other nano-structures were mere minority. 
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4 A 
Figure 4A. Low magnification TEM image reveals detailed morphology of the 
sample. 
Another low magnification T E M image further confirmed that the ceria had a 
feather-like morphology (Figure 4A) that had never been reported. More interestingly, 
the feather motif displayed an array of skeletons (with a uniform thickness ~ 5nm), 
branching and crossing each other in a very uniform pattern. 
25 
wm 
— . , W W w m B B K w 
Figure 4B. Low magnification TEM image of a typical feather nano-structure. 
Figure 4C (Left) and 4D (Right). High resolution TEM images of selected regions. 
Figure 4B showed that the nano-feathers were composed of strip-like structures 
originated from the central region and extended to the edges. Those parallel strips 
oriented in an inclination angle of approximate 45° to the skeleton of nano-feathers. 
High resolution T E M (HREM) was used to examine the strip-like structures. Figure 
AC and 4D revealed the detailed structures of the edge and the central region of a 
nano-feather. Figure 4C showed that the strips were nano-sized with high aspect ratio, 
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suggesting an array of lamellar layers. Figure 4D also presented strip like structures 
that resemble lamellar layers. Both figures showed similar strip-like structure in 
nano-scale. These results were consistent with S E M analysis and suggested that these 
feathers were in nano-scale and structurally uniform. 
Figure 5A’ 5B, 5C and 5D. Conventional TEM and High resolution TEM ofLMC. 
To study the lattice spacing of these crystalline nano-particles, an inversion of the 
radius of the dots in the fast Fourier transforms (FFT) of the image was carried out. 
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Figure 5A showed a typical feather like ceria sample and Figure 5B is the FFT 
derived from Figure 5A. Dots could be distinguished from each other by measuring 
the lattice spacing. Hence, two classes of diffraction planes were identified and 
assigned to (220) and (200) with lattice spacing values of 27 人 and 19 人， 
respectively. 
Careful examination of the feather at different regions could give more insights. It 
was found that at the edges (Figure 5C), the lamellar layers fused together and the 
intcr-planar distances became diminished (~2 nm). The inter-planar distances at the 
ccntral region, however, were larger (Figure 5D, ~5 nm). In other words, the 
inter-planar distances varied over a narrow range between 2 nm to 5 nm when one 
moved from edge to central region. 
Another sample was analysed (Figure 6) using H R E M and the FFT technique at 
selected area. The sample consisted of large amount of hierarchical "veins" and 
“branches” with fairly parallel orientation. The motifs at various regions varied 
slightly to each other due to different branching patterns. As indicated by FFT 
operations, the crystal planes were (220) and (200), being consistent to X R D analysis. 
Generally, the morphology of L M C , constituted by plenty of meso-channels, was 
well defined and remained intact after calcinations at 400 °C. 
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Figure 6.FFT and HREM images of selected regions of LMC. 
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Formation Mechanism 
From the T E M images, feather nano-structures with different inter-layer spacing 
values (2-5 nm) were observed. To rationalize this phenomenon, T E M micrographs 
and low angle X R D (LXRD) spectra were needed. Scheme 1 displayed experimental 
data (LXRD, T E M ) on the right and the corresponding suggested mechanism on the 
left. 
A mechanism was proposed for the formation of ceria nano-feathers. On the basis of 
our observations, a combination of self-assembly and junction formation was used to 
explain the growth of the robust feather-like nano-stmcture. The process started with 
a solution containing ethanol, water, PI23 and cerium precursor. During the 
evaporation of solvents, the concentration of surfactant exceeded the critical micellar 
concentration, forming a lamellar meso-structure. The low-angle X R D spcctmm of 
the structure showed two peaks at 1.56*^  and 3.18° (Degree/2 theta). The peaks were 
indexed as the planes (100) and (200), with d-spacing values of 56.4 人 and 27.9 A, 
respectively. This was a typical as-made lamellar meso-structure. Calcination at 
400。C removed the surfactant. It is known that most lamellar mesostructures would 
collapse without the support of a surfactant. Interestingly, the calcined nano-feathers 
not only remained intact, but also showed a remarkably ordered feather pattern 
(Figure 4A). The intercrossing and branching of the nano-feathers probably 
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originated from the fusion between neighboring lamellar layers. The resultant 
junctions provided support to the entire nano-structure even after the surfactant was 
removed. Figure 4B was another T E M image of a calcined nano-feather, in which 
several junctions were clearly observed, forming a molecular sieve. This 2-steps 
model not only elucidated the formation of feather-like morphology, but also 
accounted for its robustness. 
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Scheme 1. Formation mechanism of LMC. 32 
Nano-beam diffraction. 
Nano-beam diffraction was employed to study the nanocrystals. Figure 7A displayed 
a typical sample, in which feather-like nano-architecture could be observed. 
Diffraction patterns were recorded at the central region (Figure 7B) and edge (Figure 
7C). Both figures showed well-defined discs, indicating crystal planes. These dots 
were be indexed according to face-centered cubic lattice, with Figure 7B and 7C 
indexed with zone axes [221] and [110], respectively. The nano-beam patterns also 
confirmed crystallization along planes (220) and (200). This crystallographic 
information was in good agreement with the X R D analysis and H R E M (Figure 8). 
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Figure 7. TEM and Nano-beam electron diffraction images verified the presence 
of various crystallization planes in the sample. 
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• 
Figure 8. HREM of LMC demonstrated different crystal planes. This result was in 
good agreement with that of XRD and nano-beam diffraction. 
Metal Encapsulation. 
Activities of ceria can be greatly enhanced by the incorporation of a trace amount of 
noble metals (NM). Such coupling, however, is very prone to leaching. Washing and 
thermal treatments could detach weakly supported metal catalysts. In this section, the 
encapsulation abilities of nano-feathers were tested by loading gold nanocrystals 
followed by washing process and thermal treatment. As shown in Figures 9, the 
feather motif of the nano-feathers remained well defined and intact even after 
sonication. More importantly, the "skeletons" of the feathers served as an ideal host 
matrix for the gold particles to anchor. The inter-crossing pattern of the "skeletons" 
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also acted as partitions to separate gold particles, allowing the gold particle 
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Figure 9. Au particles were supported on ceria nano feather. The inset is the 
HREM image of the selected square region. 
to be dispersed in the entire nano-feather (Figure 9). In this figure, the sphere shaped 
nanocrystals were analyzed with FFT operation for their d-spacing values. It was 
found that gold particles (d=2.2人）were deposited on the channels of ceria feather 
support. For comparison, Figure lOA and Figure lOB showed typical sphere shaped 
ceria nano-sphcrcs. By FFT operations, the d-spacing values of the spheres were 
analyzed but no gold particle was identified. This revealed that no gold particles 
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could be retained on the surface of the sphere shaped ceria after sonication. The 
metal nanocrystals might be leached through washing and detached after high 
temperature treatment. Accordingly, the advantages of ceria nano-feathers were 1) its 
stability at high temperature and under sonication, and 2) its skeletons as anchors and 
partitions for Au particles. 
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Figure I OA. A TEM image showed sphere shaped ceria nanocrystals prepared by 
conventional ammonia gelation. 
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Figure lOB. A HREM image showed sphere shaped ceria nanocrystals prepared by 
conventional ammonia gelation. By FFT operation, no gold particle can be 
identified. 
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Scheme 2. The trapping action of nano-feathers. 
XPS Measurements 
X-ray photoelectron spectroscopy analysis can reveal detailed information on the 
oxidation state and the chemical environment of cerium cation in the sample. Due to 
very similar energies of the 4f and orbital ligand valence levels, the cerium species in 
CcOi were capable of forming intermediates between Ce^ and Ce^', therefore, the 
XPS spcctrum of ccria was actually a complex hybridization consisting of Ce^' and 
Ce4+. The results (figure 11) were furthermore compared with previous investigations 
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Figure 11. XPS of LMC showing Ce peaks. 
This comparison showed that the binding energies of Ce 3d orbitals were in good 
agreement with literature values.「】Peaks labeled vo, V2, and V3 were indexed to Ce 
3d5/2 photocmission lines of Ce4+’ while v! was due to special configurations in 
Ce203. Similarly, the 11 structures were applied to explain for the electronic 
configurations in Ce 3d3/2. 
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Summary 
In summary, the first preparation of ceria nano-feather by a surfactant assisted 
pathway was reported. After thermal treatment at 400。C, the product was composed 
of an ordered array of skeletons, which intercrossed and branched to form a uniform 
feather pattern. Such nano-structure allowed nano-sized gold catalysts to be firmly 
anchored while the skeletons of the feather acted as partitions to prevent 
agglomeration of the particles. Hence, this novel morphology should be able to 
support other nano-sized metal catalysts, such as Pt, Pd, Ag, Ni and Cu. These 
applications will be reported in chapter 3 and chapter 4. 
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Chapter 3 
Preparation of homogenous Cerium Mixed 
Oxides Nano-feathers. 
Introduction 
Although pure ceria is widely used in various catalytic reactions,^ weak sintering 
resistance and limited oxygen vacancies limit its further applications.[2] These 
obstacles can be overcome by association ceria with other metal oxides. It was found 
that doping various impurities, such as Zr, Cu, Fe, Ni, Sm, La and Y oxides can 
enhance the functionalities of the ceria based materials. However, another problem 
arises. It was reported that introduction of impurities into a material usually resulted 
in inhomogcniety, for reasons that remain unclearP^ This phenomenon is especially 
prevailing in the ease of doping semiconductors⑷ and this has stimulated plenty of 
efforts to dope ceria homogeneously. Despite some successcs/^ '^ ^ many of these 
efforts have failed. 
Another obstacle of preparing ceria mixed oxides is the difficulty in morphological 
control. It is known that nanostructures have enormous potential due to unique 
physical and chemical properties.[?] Various nano-structured ceria samples were 
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reported, but the counterparts of ceria mixed oxides were rare.[8] One of the possible 
reasons is that cerium and dopant cations have different solubilities and kinetics. 
Therefore, the growth rate and kinetic control in a cerium-dopant system is more 
difficult to control， 
In chapter 2, ceria nano-feathers were prepared. Such novel nano-stmcture was 
excellent in holding metal catalysts and provided a good platform for further 
modification. In this chapter, ceria mixed oxides nano-feathers were prepared by 
doping trace amount of foreign oxides (Cu, Ni, Sm, Y and La). In the case of ceria 
mixed oxides, homogenous compositions were critical in controlling its catalytic 
activities and chemical properties.[2] Electron energy-loss spectroscopy (EELS) was 
used to study the compositions of the mixed oxides. The chemical maps for dopants, 
cerium and oxygen revealed that these elements were homogenized unexceptionally 
well. 
Experimental Section 
Preparation of nano-feathers 
16ml absolute ethanol was used to homogenize 0.75 g P123 (BASF) and 12 g water. 
A series of ceria mixed oxides with 90% cerium content and 10% dopant content 
were prepared by mixing ccrium chloride hydrate with other metal precursors. For 
CuO-CcOz, coppcr (II) chloride anhydrous was mixed with cerium chloride in molar 
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ratio 1:9. Similarly, nickel (II) nitrate hexahydrate was mixed with cerium chloride in 
the same ratio for NiO-CeO〗. Lanthanum trichloride heptahydrate was used as 
lanthanum source for La203-Ce02 and samarium (III) chloride hexahydrate was used 
as S m source for SmsCVCeO?. 
In a typical synthesis of YaOs-CeOz, 2.52 g (6.73 mmol) cerium chloride hydrate and 
0.227 g Y precursor (0.748 mmol) were added to the resultant solution. After the 
addition of cerium precursor and Yttrium precursor, the resultant solution was stirred 
for three hours and no precipitation was observed. The mother sol was then aged on a 
Petri dish at 80 °C for 2-4 days, and then calcined at 400 The powders were then 
characterized by X R D , H R E M , EELS and XPS. 
Instrumentation procedures 
Powder X-ray diffraction patterns were obtained by using a Bruker D8 Advance 
X-ray diffractomcter using Cu Kal irradiation (1=1.5406 A). The crystal sizes were 
estimated by applying the Scherrer equation. This equation can be expressed as 0 = 
K/jpcos 6, where <t> is the crystal size, K is a constant of 0.89, A is the wavelength of 
the X-ray radiation (0.154 nm), P is the peak width at half maximum height with 
rcfcrcnce to silicon, and 9 is the diffraction angle of the (111) peak of the cubic phase 
of the samples. 
High resolution transmission electron microscopy (HREM) images were recorded on 
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a Tecnai 20 microscope. A trace amount of sample was suspended in ethanol solution, 
followed by sonication for 10 minutes. Carbon-coated copper grids were used as the 
sample holders. The sample loaded grids should be dried overnight at 100 to 
remove any residual solvent. The T E M microscope was equipped with an EELS 
spectrometer so that elemental mapping analysis can be carried out. Elemental 
information was obtained through the use of element specific ionization edges in the 
form of elemental maps. The energies used for EELS analysis of various elements 
were listed in table 2. 
X-ray photoclectron spectroscopy (XPS) spectra, including fine scan and survey 
scans, were collected by a PHI Quantum 2000 XPS System. The binding energy (BE) 
scale was calibrated by measuring C Is peak with BE = 285.3 eV from the surface 
contamination. 
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Results and Discussion 
XRD Patterns 
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Figure 1. Wide angle X-ray diffractogram of A) CuO-CeOi, B) NiO-CeOz，C) 
iMiOi-CeCh D) Sm203-Ce02 and E) YaOj-CeCh. The XRD of pure ceria was shown 
at the top for comparison. 
The X-ray diffraction patterns of cerium mixed oxides were shown in Figure 1. All 
the mixed oxides showed sharp and well resolved peaks, suggesting that the samples 
were highly crystallized. These diffraction patterns were very similar to that of pure 
cerium oxide and this agreed well with the results of l i t e r a t u r e . " � � According to the 
literatures, the peaks of cerium mixed oxides were indexed with respcct to the crystal 
structure of ccrium oxide. The presence of single phase diffraction patterns suggested 
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that there was no phase separation between cerium oxide and the impurities. To 
further study the crystal structures of the mixed oxides, the peak position of (111) 
were studied and summarized in table 1. Generally, upon addition of dopants, there 
were minor shifts of the (111) peaks towards larger angle. Again, this was consistent 
to the observations described in a review article?〗 According to Vegard's rule, a 
linear relation exists between the crystal lattice constant of an alloy and the 
concentrations of the constituent elements. In the case of cerium mixed oxides, when 
smaller foreign cations were doped into the ceria lattice, the overall lattice would be 
smaller. As a result, the lattice spacing values would be smaller and the (111) peaks 
would shift towards larger angle. In other words, the dopants were well "dissolved" 
by the ccria latticc, forming homogeneous cerium mixed oxides. 
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Major cations (111) peak Crystal size JCPDS 
radii (人） positions(20) (nm) 
Pure ccria rce4+ ：0.94 28.56 5.4 75-0390 
Cu containing ceria rce4+ :0.94, 28.58 6.2 -
rcu2- :0.72 
Ni containing ccria rcc44 :0.94, 28.60 6.0 -
rNi2-f :0.69 
La containing ccria rcc4‘ ：0.94 28.42 6.5 ~ 
rLa3 t： 1 . 1 4 
S m containing ceria rcc4+:0.94 28.48 6.3 75-0157 
rsni3 •: 1.00 
Y containing ceria rcc4< ：0.94 28.56 5.5 75-0174 
r Y 3 t : 0 . 9 2 
Table 1. Crystallography data of the cerium mixed oxide samples and pure ceria. 
The peak positions and crystal sizes were experimental results obtained from XRD 
analysis and calculations from Scherrer equation，respectively. The sizes of cations 
were obtained from a data book while the JCPDS numbers were indexed 
according to a crystallography database. 
XPS 
The presence of various elements in different samples could be detected by survey 
scan X P S analysis. The survey scan XPS spectra of CuO-CeO�，NiO-CeOo, 
La203-Cc02, Sm203-Ce02 and YaOs-CeO! were presented in Figure 2A, 3A, 4A, 5A 
and 6A, respectively. As expected, the signals of Ce and O from ceria could be easily 
identified while the carbon (as reference) signals could be located as well. However, 
the signals of various dopants were difficult to observe due to their trace amounts. 
Nevertheless, in the XPS fine scan spectra, the peaks of the dopants could be 
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observed dearly and indexed according to databook.^ '"^  In Figure 2B, four peaks 
could be observed in the Cu fine scan. Two of them were indexed as 2p3/2 (933.5 eV) 
and 2pi/2 (953.8 cV) and the peak positions indicated the presence of CuO.The other 
two peaks, which sandwiched the peak of 2pi/2, were known as "shake up" peaks. 
During photoelectric process, some Cu ions were formed in its excited state with a 
few cV above the ground state and this resulted in shake-up peaks. 
These shake up peaks were also observed in the case of Ni doped ceria (Figure 3B) 
and La doped ccria (Figure 4B). In the Ni fine scan spectrum, the peak at 861 eV was 
a typical shake up peak. Meanwhile, the peak at 855.3 eV can be indexed as Ni 2p3/2, 
indicating the presence of NiO .The 2pi/2 peak couldn't be observed sincc the signal 
was overwhelmed by the cerium signal. 
The La fine scan was complicated by the coexistence of shake up peak ( BE=826 eV), 
peaks of 3d5/2 (BE=834.5 eV), 3d5/2 (BE=839.0 eV), 3d3/2 (BE=851.7 eV) and 3d3/2 
(BE=855.7 eV). Ignoring the shake up peak, the presence of two sets of 地/之 and 
3d3/2 signals indicated that two chemical species, LaaO] and LaH2 did cocxist in the 
sample. The coexistence of two oxidation states was reported before.[i〗】 The La^' 
cations might be reduced to La，, during thermal treatments, resulting in the 
coexistcnce of two oxidations of La in the sample. 
The S m fine scan (Figure 5B) and Y fine scan (Figure 6B) were devoid of shake up 
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peak or double oxidation states. In Figure 5B, the two peaks were well resolved and 
indexed as Sds/i (BE=1083.2 eV) and 3dy2 (BE=1110.2 eV), suggesting that S m 
existed in the sample in the form of SmsOs. 
In the fine scan spectrum of Y, a broad peak was observed. This asymmetric peak 
was resolved to two peaks, and indexed as 3d5/2 (BE二 157.0 eV) and 3d3/2 (159.0 eV). 
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Figure 2A. XPS survey scan for CuO-CeCh. 
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Figure 3A. XPS survey scan for NiO-CeO�. 
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Figure 4A. XPS survey scan for LazCh-CeCh. 
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Figure 6B. XPS Yfine scan for YiOrCeOi. 
TEM and EELS 
Electron energy-loss spectroscopy (EELS) is widely used to identify elemental 
compositions of materials studied by microscopy.^It is particular powerful when 
diagnosing the homogeneity of nanostructuresJ'^^ T E M coupled with EELS was used 
to generate the T E M images and elemental mapping of the five cerium mixed oxide 
samples as shown in Figure 7 (CuO-CeCh), Figure 8 (NiO-CeOi), Figure 9 
(LazOa-CcOz), Figure 10 (SmaCVCeOs) and Figure 11 (YaOs-CeO:). 
Taking Cu0-Cc02 as an example, ordered nano-structures with feather-motif could 
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be observed in the T E M image (Figure 7A) which was similar to the T E M images of 
pure ccria, as reported in chapter 2. The elemental mapping images were obtained by 
zero loss calibration, followed by energy filter alignments and background 
subtraction. Finally, three-window technique was used to generate pre-edgel, pre 
cdge2 and post edge profile of the images. These profiles allow accurate signal 
subtraction to obtain mapping images as shown in Figure 7-11. 
In Figure 7B, 7C and 7D, the mapping of Ce, O and Cu were shown, respectively. 
Interestingly, the contrast of Ce and O mapping images were strong enough to show 
the feather motif of the sample. This proved that the sample was very thin and 
electron beam could pass through easily. Also, zero loss calibration also improved 
the contrast and resolution of the element maps. In the Cu mapping image, the signal 
was weaker as expcctcd, as the concentration of Cu was a lot lower than Ce and 0. 
(the Cu:Cc precursor molar ratio is 1:9) 
To test the validity of elemental maps, one should intentionally include the carbon 
film in the conventional T E M image as reference. After that, in the Cu mapping 
process, not only should the presence of elemental quantities (Cu) be demonstrated, 
but also the abscncc of detection in situations where no element was present (carbon). 
In the Cu mapping, the signal of Cu was still strong enough to be differentiated from 
the carbon film. Therefore, based on Figure 7A, 7B, 7C and 7D，it could be 
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concludcd that the sample was homogenous, which is in good agreement with the 
results of X R D analysis. 
The elemental mapping images of other samples were given Figure 8-11. Generally, 
the signals of Cc and O were very strong, due to their high concentrations. Besides, 
the resolution and contrast were good enough to show the feather nano-structures. On 
the other hand, the dopants showed weaker signals due to their low concentrations. 
Therefore, it was not surprising that that some "ghost "images were observed (Figure 
8D and lOD). Such residual noise signal is reported in literature.^ '^ ^ In this work, the 
low concentration of dopants could cause its signal difficult to completely 




Figure 7. TEM image of A) CuO-CeOiy B) Cerium mapping，C) Oxygen mapping 
and D) Copper mapping. 
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Figure 8. TEM image of A) NiO-CeCh，B) Cerium mapping, C) Oxygen mapping 
and D) Nickel mapping. 
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Figure 9. TEM image of A) La203-Ce02, B) Cerium mapping, C) Oxygen mapping 
and D) Lanthanum mapping. 
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Figure 11. TEM image of A) y^Oj-OOj, B) Cerium mapping, C) Oxygen mapping 
and D) Yttrium mapping. 
Elements Energies (eV) Edges 
Ccrium 883 M5 
Oxygen 532 K 
Coppcr 931 L3 
Nickcl 855 L3 
Yttrium 157 M4’5 
Samarium 1080 M4’5 
Lathanium ^ ^ 
Table 2. The energies and corresponding edges for EELS measurement. 
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Summary 
The elemental mapping process elucidated the homogeneity of samples successfully. 
From the mapping images, good homogeneity of the samples could be observed and 
this is consistent to the results of X R D analysis. Further, the results of XPS analysis 
showed that the cationic dopants were loaded into the ceria matrix. Based on the 
information provided by X R D , H R E M , EELS and XPS analysis, it can be concluded 
that homogeneous feather-like cerium mixed oxides were prepared. 
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Chapter 4 
Engineering Ceria Nano-feathers with Noble 
Metals: A Sonochemistry Approach. 
Introduction 
Ccria supported metal catalysts, such as gold, silver, palladium and platinum, have 
been the focus of intensive research owing to their applications in water-gas shift 
reaction,[1] hydrogenation，[2] steam reforming,[3] and C O oxidation.[4] Although these 
noble metals (NMs) are usually costly, trace amount doping results in a class of 
economic and excellent catalysts. Since these metals can introduce extra defect sites 
and exert metal-support interactions in catalysis,[6] great efforts have been devoted 
to explore the fundamental principles that govern the activities of supported metals.口] 
Quantum size effect with respect to small metal clusters was attributed to the 
superior reactivity of supported gold. Besides, metal-support interaction was believed 
to be crucial. For example, supported gold catalysts might provide reaction sites for 
C O oxidation.^ ^^  
Several synthetic strategies have been purposed to functionalize ceria with NMs, 
such as microemulsion，[9】 deposition，[叫 and coprecipitation methods.[丨"However, 
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fabrication of NM/CeOi remains practically difficult. Either high reduction 
temperature or gaseous reducing agents (toxic H2 and C O ) are 
used to reducc the metal catalysts.[？] Moreover, long aging time[6J (up to 6 days) and 
uneven loading of noble metals are the persisting obstacles of industrial applications. 
In rcccnt years there has been a growing interest in the sonication assisted synthesis. 
[12,13】Ultrasonic irradiation of liquids has a variety of physical and chemical effects 
derived from acoustic cavitation/'"*^  and provide a unique method for driving 
chemical reactions under extreme conditionsJ'^ ^ When high intensity ultrasound 
passes through water, small gas bubbles form, grow and collapse. Such acoustic 
cavitation creates a dramatic rise in the temperature and the pressure of the 
bubblcs.^ '^ J Colloids in nanometer size range can be synthesized by applying 
ultrasonic treatment to solutions containing metal salts or metal complexesJ'^^ 
In spite of the great technological interest in NM/Ce02, quick, efficient and general 
methods for metals encapsulations with mild operation condition are seldom reported. 
The preparation of a novel nano-stmcture, feather, was demonstrated in chapter 2. Its 
inter-branching networks provided excellent stabilization of supported metal 
catalysts. Taking advantages of sonochcmical treatment, it is possible to insert 
highly-dispersed zcro-valent metal catalysts (Pt, Pd and Ag) into the ceria support in 
ambient conditions, exceptional short operation time (5-15minutes) and without any 
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external reducing agent. 
Unfortunately, applying ultrasonic probes for sonication treatment usually deliver 
strong output that could damage delicate nano-stmctures.[i8] Therefore, an ultrasonic 
cleaning bath was used in this work. It is widely available, economic, and the most 
importantly, can disperse metals without destroying the feather motif. Wang et al. 
successfully loaded metal catalysts into mesoporous titania via a versatile sono-photo 
pathway.[19,20] However, sonication assisted encapsulation was not yet applied into 
nanostructurcd ceria supports before, and will be described in this chapter for the 
first time. This efficient and versatile strategy is rapid, simple and economic. It will 
make the preparation of metal loaded ceria easier, which might lead to commercial 
and industrial exploitation of this class of superior catalysts. 
Experimental Section 
Preparation of metal loaded ceria nano-feathers 
16 ml absolute cthanol was used to homogenize 0.75 g P123 (BASF) and 12 g water. 
2.8 g ccrium chloridc hydrate (Aldrich) was added to the resultant solution. The 
remaining mother sol was aged on a Petri dish at 80 for 2-4 days, and then 
calcined at 400 °C. For more detailed description, please refer to chapter 2. 
Three samples (Pt/CcO�，Pd/CeO] and Ag/CeO：) were obtained by loading three 
different metals on the pure ceria feather supports. Platinum chloride (PtCU), 
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palladium chloride (PdCb) and sliver nitrate (AgNOa) were used as the metal 
precursors and O.IM HCl was used to assist dissolution. In a typical synthesis, 1 m g 
feather support was immersed in a bottle filled with a solution of 50 m g precursor in 
10 ml deionized water. The bottle was placed in a ultrasonic cleaning bath 
(Bransonic ultrasonic cleamer, model 3210 EDTH, 47k Hz, 120 W ). The loading of 
metals could be varied by different concentration of precursors. After sonication for 
5-15 minutes, the powders were centrifuged, washed with ethanol and DI water in 
order to remove the surface adsorbed precursors. Finally, the powders were dried at 
100 and then analyzed by X R D , H R E M and XPS. 
Instrumentation procedures 
Powder X-ray diffraction data were performed by using a Bruker D8 Advance X-ray 
diffractomcter using Cu Kal irradiation (A=1.5406 人).Wide angle X R D patterns 
were collccted with larger size light slits (0.6mm, 0.6mm, 1.0mm) to enhance the 
signal intensity. Each sample was scanned for three hours to minimize noise to signal 
ratio. 
High resolution transmission electron microscopy (HREM) images were recorded on 
a Tccnai 20 microscope. A trace amount of sample was suspended in ethanol solution, 
followed by sonication for 10 minutes. Carbon-coated copper grids were used as the 
sample holders. The sample loaded grids should be dried overnight at 100 °C to 
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remove any residual solvent. 
X-ray photoelectron spectroscopy (XPS) spectra were collected by a PHI Quantum 
2000 XPS System. The binding energy (BE) scale was calibrated by measuring 
C Is peak with B E = 285.3 eV from the surface contamination 
Results and Discussion 
XRD Patterns 
A)Pt i\ . 
D) J \ _ J � . . 
1 1 1 ~ ^ 1 I ‘ I ‘ I 
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Degree/ 2 Theta 
Figure 1. Wide angle X-ray diffractogram of A) ceria loaded with Pt, B) Ceria 
loaded with Pd, C) Ceria loaded with Ag and D )pure ceria support. 
The X R D of metal loaded ceria were presented in Figure lA, IB and IC. All the 
diffraction patterns of these three samples contained sharp and well resolved major 
peaks. This suggested the samples were highly crystallized. When compared to pure 
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ceria (Figure 1D), the diffraction patterns of the three samples could be indexed to 
the cubic fluorite structure of ceria support and no diffraction peak of the loaded 
metals could be found. The absence of peaks was not surprising and a similar result 
was reported in literature before.^ '^^  The authors speculated that the weak signals 
from the trace amount of metal catalysts were overwhelmed by that of ceria. 
XPS 
Typical X P S survey scans were conducted to detect the presence of Ce, 0 and loaded 
metal. As shown in Figure 2A, 2B and 2C, core levels of Ce 4d, Ce 3d, 0 Is and C Is 
could be identified. Ce and O originated from the feather support while carbon was 
used as a reference. Since the analysis of fine scan of CeOz nano-feathers was given 
in chapter 2, this part will be devoted to the XPS studies on the loaded metals. 
Fine scan spectra of loaded metals revealed the fine details of the corresponding 
electronic environment. The spin orbit splitting (A BE) could help to identify 
elements while the peak positions revealed the oxidation states of the element. The 
surface chemical compositions of the metal catalysts, as determined by XPS, were 
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Figure 2A. XPS survey scan for Pt/CeCh. 
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Figure 2B. XPS fine scan for Pt in Pt/CeOj. 
The curve fitting of the Pt 4f core-level spectrum (Figure 2B) was performed by 
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using two spin-orbit split Pt Af-m and Pt Af^ n components, separated by 3.3 eV, In the 
analysis of Pt 4f spectrum, the symmetrical peaks showed that only one state was 
detected, and the Pt 4f7/2 (70.5 cV) and Pt 4f 5/2 (73.7 eV) peak positions showed Pt 
was in metallic state. In the literature, authors frequently discovered that Pt^ ^ and Pt。 
coexisted and attributed this phenomenon to incomplete reduction.[22] In this sample, 
the Pt peaks indicated Pt® as the only detcctible Pt species. This suggested that the Pt 
cations, originated from precursor PtCU, were reduced to metallic form after 
encapsulation. 
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Figure 3A. XPS survey scan for Pd/CeCh. 
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Figure 3B. XPS fine scan for Pd in Pd/CeOz. 
In another sample, Pd/CeOi, the Pd 3d5/2 and photoelectron peaks (Figure 3B) 
were located at a BE value 334.2 eV and 339.6 eV, respectively. These peaks were 
highly symmetrical, suggesting only single oxidation state existed. Moreover, the 
peak position values were typical of pure metallic Pd® species)〕”, which was distinct 
from the mixed oxidation states reported by Borchcrt and c o w o r k e r s . [ 2 4 ] These results 
suggested that after sonication, zero-valent Pd particles were obtained. Similar 
phenomenon could be observed in the case of Ag/CeO：. In Figure 4B，two 
symmetrical peaks, located at 367.0 eV and 373.0 eV binding energies, could be 
indexed to zero-valent silver. Table 1 summarized the peak positions, orbital splitting 
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Figure 4B. XPS fine scan for Ag in Ag/CeO�. 
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From the XPS analysis, it was found that the metals were reduced after encapsulation. 
The major reactions occurring when water is sonicated [)))))] can be summarized by 
the following steps ：…斗严二训 
H 2 O ))))) H- + O H (1) 
H- + H- ^ H2 (2) 
•OH + H. — H2O (3) 
•OH + O H H2O2 (4) 
The highly reducing free radicals might further reduce cationic metal precursors to 
zcro-valent states. These equations were summarized as follow:^ '^ ' ‘？-之。，26] 
PtCU + 4H- — PtO +4Cr +4H' (5) 
nPtO P t „ ( 6 ) 
PdCl2+ 2H- + Pd® +2Cr +2H+ (7) 
nPd。• Pdn (8) 
A g N 0 3 + H. — Ag。+NO3" + H . (9) 
nAgO->Ag„ (10) 
TEM and HREM 
Loading metals on ceria could encounter the problems of aggregation and leaching. 
In chapter 2，the superior retention power of the feather was substantiated by direct 
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comparison with conventional spheres support. In this section, this advantage was 
further exploited by loading other metals on ceria feather support. 
^ P i i ^ l l 
Figure 5. TEM of a Ce02 nano-feather. 
An unloaded ceria feather was presented in Figure 5. The feather motif was 
well-defined, and no foreign particle was observed on the entire surface. Figure 6 
shows the low magnification T E M image of a Pt loaded feather. As distinct from 
Figure 5, large amount of uniform sized spheres were observed on the surface. It 
should be noted that the samples were washed and treated in 100。C to remove any 
weakly adsorbed particles. Therefore, these spherical nanocrystals were not only 
adsorbed on the surface but held firmly by the feather. 
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Figure 6. Low magnification TEM image: CeOi nemo-feather loaded with Pt. 
曜 
Figure 7. HREM image: CeCh nano-feather loaded with Pt. 
Furthermore, the feather motif was well preserved after sonication treatment. In a 
conventional sonication process, high power horn was used and this could destroy 
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dclicatc nano-structures. Wang et al. used washing purpose sonication bath to 
encapsulate metal particles into mesoporous titania.^ '^ ''^ ^ In m y work, a weak 
sonication bath was also used to preserve the feather motif. 
Although the power output of this sonication process was weaker than of a horn, it 
was strong enough to dissolve the metal precursors, disperse the fine particles into 
the feather without breaking down the skeleton of the feather. The high resolution 
T E M image of selected area was presented in Figure 7. It can be observed that one 
particle was trapped by the "threads" of the feather. Moreover, as expected, its crystal 
fringe was found to be 2.3A, corresponding to a typical Pt (111) plane. 
Similarly, highly dispersed spherical crystals were observed in the T E M image of 
Pd/Ce02. In Figure 8, the crystals were not only loaded into the interior region 
(arrowed), but also near the edges. In the H R E M the crystal fringe of the foreign 
particle was found to be 2.2 A (Figure 9) and was indexed to the Pd (111) plane. 
Silver nanoparticles could be loaded by this sonication assisted treatment as well. In 
Figure 10, plenty of nanocrystals were mobilized on the surface of support. H R E M in 
Figure 11 revealed the crystal fringe of the foreign particles was 2.4 人 and can be 
assigned to the (111) plane of Ag. The d-spacing values and corresponding crystal 
planes were summarized in table 2. 
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Figure 8. Low magnification TEM image: CeO� nano-feather loaded with Pd. 




Figure 10. Low magnification TEM image: CeO2 nano-feather loaded with Ag. 
1 
Figure 11. HREM image: CeO2 nano-feather loaded with Ag. 
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Encapsulated B E 1 (eV) BE 2 (eV) ABE (eV) Oxidation 
metals states 
Pt 4f5/2 7 3 . 7 4f7/2 7 0 . 5 3 . 2 0 
Pd 3d3/2 339.6 3d5/2 334.2 5.4 0 
Ag 3d3/2 373.0 3d5/2 367.0 6.0 0 
Table 1. Binding energies (eV), ABE (eV) and oxidation states of different metal 
catalysts. 
Ce02 Pt Pd Ag 
Most intense planes (111) (111) (111) (111) 
d-spacing values (10% error) 3.1 2.3 2.2 2.4 
Table 2. d-spacing values and corresponding planes of different metal catalysts. 
Summary 
The first preparation of M/CeO〗(M= Pt, Pd or Ag) by a sonication assisted pathway 
was reported. After ultrasonic treatment for 5-15 minutes, nanocrystalline metal 
particlcs could be dispersed onto the ceria support. When compared to conventional 
methods, this encapsulation strategy not only greatly shortened the fabrication time, 
but also allowed metal reduction without any external reducing agents. Further, this 
versatile method was applicable for loading various metals (see chaptcr 2 for the case 
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Conclusions 
Ccria nano-feathers were prepared by a facile and efficient sol-gel method. X-ray 
diffraction patterns revealed that the nano-feathers were highly crystallized while 
transmission electron micrographs showed that the samples were composed of ordered 
array, forming a uniform feather motif. Moreover, such nano-structure was not only 
stable towards calcination (400°C), but also sonication treatments. This allowed efficient 
loading of highly dispersed gold nanoparticles into the "threads" of the feathers by an 
ultrasound assisted pathway. 
Various foreign oxides (Cu, Ni, Sm, Y and La) were doped into the ceria nano-feathers. 
X R D analysis and electron energy-loss spectroscopy (EELS) results suggested that the 
dopants were distributed homogenously in the ceria matrix. 
In the last part, various metals, such as Pt, Pd and Ag, were loaded into the ceria 
nano-feathers by a sonication assisted pathway. T E M measurements showed that metal 
nanocrystals were loaded into the feather endohedrally. Besides, the XPS analysis 
confirmed that the metal catalysts were reduccd to zero oxidation states. This pathway 
not only allowed fabrication of NM/Ce02 in ambient conditions, but also facilitated high 
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dispersion of metal catalysts on the ceria support. 
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